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SUMMARY

A series of studies examining how whole-body rotation affects cognitive process-
ing is summarized, and a new experiment is described. The main question was
whether rotations of the body capture attention and reduce cognitive processing
capacity. An additional question was whether the attention caught is resource
specific, that is, whether particular cognitive capacities are more affected than
others. Previous experiments revealed that cognitive processing comes to a
complete standstiil while body rotations are made actively on a swivel chair. The
duration of the suspension depended on the nature of the cognitive task,
suggesting resource specificity. In the present experiment a rotating chair was
used on which subjects were rotated while performing on spatial and nonspatial
tasks. Performance losses were small and limited to the spatial task. The
conclusion based on the whole series of experiments is that body rotations
capture general as well as specific processing capacity, but that the amount of
capacity caught is small, or the duration of capacity capture is short. Large
attention capture is expected only if subjects execute the rotations actively. The
striking similarity with the effects of eye movements on cognitive processing
suggests that the active search for new information in the visual environment is
the real reason why whole-body rotation can be so disturbing.



Rap.nr. IZF 1993 B-4 Instituut voor Zintuigfysiologie TNO
Soesterberg

Cognitief vermogen en rotatie van het lichaam

L.C. Boer

SAMENVATTING

Een reeks experimenten over de effecten van "whole-body rotation" op de
cognitieve taakprestatic wordt samengevat en een nieuw experiment wordt
beschreven. De vraag is of lichaamsrotaties de aandacht trekken en afbreuk
doen aan de cognitieve capaciteit. Ook werd nagegaan of een bepaald soort
aandacht getrokken wordt, en of dus bepaalde cognitieve taken meer nadeel
ondervinden dan andere, de zgn. resource specificiteit. Eerdere experimenten
lieten zien dat op een bureaustoel gemaakte lichaamsrotaties de cognitieve
verwerking hinderden, ja zelfs totaal blokkeerden. De duur van de blokkade hing
af van de soort van cognitieve taak, hetgeen een zekere mate van resource
specificiteit suggereert. Het huidige experiment maakte gebruik van de gemotori-
seerde draaistoel van het 1ZF. Terwijl gedraaid werd voerden de proefpersonen
een ruimtelijke en een niet-ruimtelijke taak uit. Het prestatieverlies was gering
en bleef beperkt tot de ruimtelijke taak. Gezien de resultaten van eerdere
experimenten is de conclusie dat lichaamsrotaties slechts in geringe mate de
aandacht trekken. Forse effecten zijn alleen te verwachten als mensen zelf, dus
actief, lichaamsrotaties uitvoeren. De treffende overeenkomst met resultaten
inzake cognitieve verwerking en oogbewegingen doet vermoeden dat het actief
zoeken naar informatie in het visuele veld de werkelijke oorzaak is dat lichaams-
rotaties zo hinderlijk kunnen zijn.
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1  GENERAL PROBLEM AREA

Theories on human intelligence assume a differentiation of cognitive abilities,
and make distinctions among verbal, spatial, and numerical abilities. The main
field of application is test psychology and personnel selection. The generally
accepted notion is that there is a differentiation between various cognitive
abilities. This implies that it makes sense to assess peoples abilities separately
and to map this information to the ability requirement profiles corresponding to
a particular job.

Similar distinctions are also found in theories of human information processing.
These distinctions are less refined and are mainly limited to the distinction
between verbal and spatial processing capacity (Wickens, 1984). The field of
application is human factors. The idea is that the human operator has problems
with combinations of tasks demanding the same processing resources, and that a
good design principle is to combine tasks only if they demand different process-
ing resources. This idea can also be used as a guideline for the design of human-
machine systems and for the allocation of tasks to operators.

The question of the present series of studies is whether rotation of the body
capture cognitive abilities or mental resources, and can, therefore, reduce the
amount of processing resources available for other tasks. The more specific
question is whether rotation of the body cuptures spatial resources. Turning the
body brings the observer into a different spatial orientation relative to the
environment. We easily maintain our spatial orientation after a body turn. Direct
perception of the environment is a great help, but even if we turn with eyes
closed we do not necessarily lose our orientation. There is apparently a brain
mechanism that serves to update our spatial orientation, even in the absence of
direct perception. This "dead reckoning" could demand processing capacity.

To address the question, a series of experiments was done in which subjects did
a cognitive task while making, or undergoing, whole-body rotation at the same
time. A summary of the previous experiments is presented. Thereafter, a new
experiment is reported. This experiment serves to complete the factorial design
of the larger series of experiments.

2 TASKS AND MOVEMENTS

There is some evidence supporting the idea that movement captures attention.
Corballis and McLaren (1982) induced illusory rotation of the stimulus field.
They let subjects fixate on a rotating disk before presentation of the stimulus
letter. As an aftereffect of seeing the rotation, the letter seemed to be subject to
a backward rotation. The task was to judge whether the letter presented was a
mirror image or a normal version. Letters were presented in various departures
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from the upright position. The assumption is that subjects use mental rotation;
they rotate the letter "in the mind" (Cooper & Shepard, 1973a,b; Finke &
Shepard, 1986). In the case of Corballis and McLaren, the illusory rotation could
go into the same direction as the shortest route for the mental rotation or into
the opposite direction. Letters tilted close to the upside-down orientation seemed
to be rotated through a suboptimal route as if the suggestion of the illusory
aftereffect was accepted. Corballis and McLaren concluded (1982, p.223) "the
main influence of the aftereffect is on the subject’s decision as to which way to
mentally rotate the letter”. This is a clear case of what Navon (1984, 1985) has
termed outcome conflict or what Fracker and Wickens call confusion between
tasks (1989) which is basically a non-resource related notion. The effect must be
specific to rotation tasks; it is cifficult to image how the direction of the illusory
rotation could affect performance in a nonspatial task. It is an open question
whether whole-body rotation would have other (stronger?) effects.

Anderson and Stern (1989) induced the sensation of whole-body rotations by
using a circular vection drum. The rotations were, hence, illusory. Seated in the
drum, subjects did a spatial or a verbal task. For the spatial task, the error rate
increased if the drum was moving; for the nonspatial task, the error rate was
constant whether the drum was moving or stationary. In a second study, reaction
time in another spatial task was increased if the drum was moving. No effects
were observed if a verbal task was used (Anderson, personal communication,
March 1990).

All studies reviewed used illusory movements. By contrast, in the present
experiment real whole-body movements were used with separate tasks to address
spatial and verbal-numerical abilities or resources. The test for spatial orienta-
tion required subjects to imagine a fixed environment, a geographical map.
Stimuli commanded the subjects to imagine a change of observation position,
and hence, a change in perspective. The process subjects use doing this will be
called mental rotation (see also Boer, 1991). After the mental rotation, subjects
had to "point to" a particular location in the imaginary environment. This served
as a check on the accuracy of the mental rotation.

The test for verbal-numerical ability required subjects to count in the alphabet
(see Logan, 1988). After presentation of an initial letter, specifying the starting
position (e.g., "C") a signed addend was presented (e.g., “+2"). Subjects counted
the designated number of steps forward or backward (C+2=E; E-2=C).

Subjects did either ability test while making or undergoing physical rotation of
the body. All body rotations occurred in the horizontal plane and brought the
subjects in a new orientation. Body rotation started upon presentation of the
stimulus of the ability test but conveyed no information whatever on the solution
to the ability test items and could, hence, be ignored completely. Whether or not
subjects involuntarily attended them was the empirical question.




The conditions of body rotation were active and passive. Subjects in the active
body-rotation condition were seated on a swivel chair and turned themselves
over a particular angular distance as commanded by body rotation requests
presented on a computer display. Subjects in the passive body-rotation task were
seated on a motorized chair and were turned around.

One difference of active versus passive body rotation is the necessity for con-
scious attention. Active body rotations constitute a task for the subjects. Passive
body rotations are a pure distracter. They may, however, involuntarily capture
attention (cf. the immediate arousal due loud noises or tactile stimuli, Sanders,
1983).

A complicating factor for passive body rotations is the vestibular-ocular reflex
(VOR) triggered by stimulation of the vestibulum. The VOR consists of a fast
saccadic eye movement (as if shifting gaze towards a new object appearing in the
periphery) alternating with a slower movement in the opposite direction (as if
continuing fixation during the body rotation). VORs are adaptive under normal
circumstances because they help the eyes to stabilize the retinal image. However,
in the peculiar situation that objects such as computer displays and response
panels rotate with the subject, VORs are disruptive because they compromise
the stability of the retinal image.

Exact predictions on incidence and strength of the VOR are not easy. VORs are
a direct linear function of the amount of rotary acceleration but are at the same
moment a complicated function of the visual environment. For example, con-
scious fixation on an object moving with the body (say, a computer display) may
completely suppress the VOR (Guedry, Benson, & Moore, 1982). Other things
being equal, however, the prediction is a more potent VOR with increasing
rotary accelerations and slower responding because of perceptual problems. This
should be observed irrespective of the type of cognitive ability tested.

For active body rotations, VOR-tendencies are adaptive and no VOR-related
performance losses are expected.

3 PREVIOUS RESULTS FOR ACTIVE BODY ROTATION

The results for active body rotation can be summarized as follows: Subjects take
more time solving test items while turning the body. Fig. 1 illustrates the resuit.
The delay in processing is roughly as long as the duration of the body rotation,
and the delay is a function of the duration of the body rotation only—not of any
parameter of the ability test. This result was observed in three separate experi-
ments and seems firmly established. The conclusion is that body rotations
executed actively capture processing resources and that subjects stop cognitive
processing while executing body rotations.
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Fig. 1 Time to solve test items as a function of the amount of body
rotation made actively on a swivel chair. Dotted lines indicate the
control conditions.

In the first experiments, subjects were tested on one ability only: spatial orienta-
tion. In the last experiment, shown in the figure, subjects were tested on spatial
orientation ability and verbal-numerical ability. The results were the same. The
conclusion was that executing body rotations causes a suspension of cognitive
processing, irrespective of content of cognitive processing (spatial or verbal-
numerical). The interaction between body rotations and cognitive content was,
however, significant; the interference due to active body rotations was stronger
for the spatial orientation test. This suggests resource specificity; spatial process-
ing is suspended for longer periods of time than verbal-numerical processing.

An exception to the rule that active body rotations suspend cognitive processing
was observed in an experiment in which body rotations and mental rotations
were perfectly correlated. That is, subjects had to imagine a mental rotation and
to execute a body rotation with the two rotations having the same direction and
the same angle. The objects of the imaginary environment could really have
been there, hidden behind the walls of the experimental room. Processing was
parallel under these circumstances; subjects continued the cognitive task during
the body rotations. The possibility of integrating mental and body rotation seems
the key to this result. This is another indication of resource specificity; integra-
tion between body rotation and cognitive processing is not possible for a
nonspatial task.




Suspension of processing was reported also in the visual field studies of Sanders
(Sanders & Houtmans, 1984, 1985). In these experiments, subjects inspect two
stimuli one after the other, basing their response on the combined stimulus
information. The stimuli are wide apart and eye movements take approximately
0.2 s. In this situation, processing was suspended as long as the subjects moved
the eyes. Subsequent studies confirmed this result although reporting that
cognitive processing was not always hampered during eye movements (Boer &
Van de Weijgert, 1988). The similarity in results is paralleled by a similarity in
the experimental situation. In both the body rotation and the visual field studies,
the task requires an active turning of the line of sight toward a new location in
space.

4  PREVIOUS RESULTS FOR PASSIVE BODY ROTATION

A different pattern of results emerges for body rotations undergone passively.
The chair makes the turn, and there is no need to pay attention to the process of
turning. Therefore, less effect on cognitive processing is anticipated. Indeed, a
pilot experiment did not reveal any effect of passive body rotations (Boer, 1989,
Experiment 1). Apparently, body rotations were ignored and the ratarv acceler-
ations did not trigger vestibular eye reflexes. But the experiment had short-
comings such as the presentation of smail body rotations (59° at most) and six
subjects only. A subsequent experiment presented body rotations between 45 and
180° with maximum rotary acceleration 2.21 rad/s? and used two different
groups of 20 subjects each for stationary and body-rotation conditions. This time,
passive body rotations had three effects: (a) The subject group performing under
body rotations did worse than the subject group performing under stationary
conditions, (b) the performance loss of the body-rotation group increased with
increasing angle of body rotation (see Fig. 2) and, again within the body-rotation
group, (c) a performance loss was observed if the body turned in a direction
opposite to the direction of the mental rotation. The finding of directional
conflict is important, because it suggests that passive body rotations are treated
as if conveying information on the spatial orientation test. The cifects of
directional conflict were, however, small and statistically questionable.

An explanation in terms of the vestibular-ocular reflex is unlikely because the
maximum rotary acceleration actually decreased with increasing angle of body
rotation (2.21 to 0.79 rad/s? for body rotations 45° to 180°, respectively). The
reason was a purely technical one. The chair could deliver the power for rotary
acceleration for a limited period of time only; the power needed for wide angles
of body rotation had, hence, to be distributed over longer time intervals.
Performance losses due to the VOR should thus be more pronounced for small
angles of body rotation. The data showed the opposite.
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Fig. 2 Time to solve test items as a function of the amount of body
rotation undergone passively in a rotating chair. The function (solid
line) and the control condition (dotted line) are based on the data of
different groups of subjects.

There were no further interactions between passive body rotations and the
cognitive test. Generally speaking therefore, passive bedy rotations seem to add
a constant to the time needed to find the solution to the test items, and this
constant is a function of the amount of rotation only. The rate of mental rotation
was, however, not affected by passive body rotation. It is, therefore. possible that
there was a risk of outcome conflict rather than resource competition, and that
subjects managed the conflict risk by temporarily freezing their cognitive
processing.

5 THE NEXT EXPERIMENT

The experiments discussed thus far comprise a design consisting of a factorial
combination of body rotation (active versus passive) and cognitive ability (spatial
versus verbal-numerical). The reader will notice that not all combinations have
been exhausted. The aim of the present experiment was to complete the design.
In particular, the effect of passive body rotations on verbal-numerical ability was
investigated. From the experiment on the effect of passive body rotation on
spatial orientation, it was concluded that passive body rotation added a constant
to the time needed for cognitive processing. However, it cannot yet be said
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whether this is a specific or a general effect because the subjects were tested on
one ability only. If -pecific, the effect should be limited to spatial processing,
leaving other r¢-~urces unimpaired. If general, the effect should pertain to all
resources, ir~ ,pective of their type. The question is thus whether the effect of
passive body rotation pertains to spatial tests only, or to other cognitive tests as
well,

In the experiment to be reported, subjects were tested on spatial orientation and
verbal-numerical ability. Both tests were administered with passive body rotation.
Stationary conditions were used as a reference.

A secondary aim of the present experiment was to replicate the earlier result
that spatial orientation processing was slower under conditions of passive body
rotation. The experiment had some weak points. One was the use of a between-
subjects design. The difference between the two conditions could, hence, be due
to different ability levels of the two groups. Secondly, ..1e two groups were tested
on different apparatus: a desk-top computer for the stationary group and the
equipment of a hospital for the passive body-rotation group. The difference
between the two conditions could, hence, also be due to the different level of
perceived psychological threat.

The present experiment used a within-subjects design in which each subject
performed on spatial and verbal-numerical ability tests, under stationary as well
as passive body-rotation conditions. The same apparatus was used in all condi-
tions.

Also, an improvement was made in the spatial orientation task. Ghe spatial
orientation task requires subjects to imagine mental rotations. They signalled the
completion of the process by pressing a "ready" button. A request to "point 10" a
particular location in the imaginary environment was used to check the accuracy
of their mental rotation (see Fig. 5). It was assumed that the mental rotation was
correct if subjects made an adequate pointing response. A direct check on mental
rotation was, however, not available. In the present experiment. the ready button
was replaced by eight buttons carrying the names of the various locations of the
imaginary environment. Subjects were required to indicate the new location in
front of them by pressing one of these buttons.

Expectations

Based on the previous results, the following findings are expected:

(a) Cognitive ability will be somewhat degraded under conditions of passive
body rotation. The reference are the stationary conditions. This could be
due to specific or nonspecific resource competition or to outcome conflict.
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(b) In the experimental condition—passive body rotation—the performance
losses will be more pronounced as the angle of body rotation is increased
(resource competition or outcome conflict).

(c) In the experimental condition, the performance losses will be increased
further if the direction of the body rotation is in conflict with the direction
of the mental rotation (outcome conflict).

) EXPERIMENT
6.1  Subjects

Thirtv-eight students participated as paid volunteers. Their mean age was 23.6
vears with a range of 20.1 to 39.7 vears. They participated under written
informed consent. They knew they would be subjected to body rotation and were
asked explicitly to report immediatelv any symptom of motion sickness. They had
the right to quit the experiment any time without negative personal conse-
quences.

P | /
= | /
£ - ! /
4 w ' R /
. 49
! . l /
~ 606 mm ’-\7/ g
I [N L G Lagust
S~ 4,
- T /,‘Vf ‘ _V_)
</<< AN )
% ~

!
. ) ~ ‘4//.
avis of *(/l;//
rotation <

Fig. 3 The experimental apparatus. Left panel: the subject in the
rotating chair looking at the display that was attached to the chair.
Right panel: the stimulus (spatial task) and the two response panels
from the subject’s viewpoint. (Measures in mm, unless otherwise
indicated.)

6.2 Apparatus and body rotations
A computer display was mounted on a rotating bucket-chair at a distance of 550

to 650 mm from the subjects’ eye. Response panels were attached left and right
to the display, slightly above the chair’s armrests (sce Fig. 3). The left-hand

R




panel contained a row of eight buttons, labelled with the landmarks of the
spatial orientation task arranged in the order of the alphabet. The right-hand
panel had nine buttons, arranged in a 3 X 3 matrix. The stimuli for either test
appeared on the screen between the two response panels. The chair rotated over
45°, 90°, 135°, and 180°, clockwise or counterclockwise. All chair rotations were
made in 2.185 seconds. The maximal acceleration was 1.03, 2.07, 3.10, and 4.13
rad/s? for the four turns, respectively.

6.3 Spatial orientation test

Subjects imagined themselves in the centre of the Netherlands, surrounded by
eight cities marking the compass points North, North-East, East, South-East,
South, South-West, West, and North-West. At the start of the trial, an initial
orientation of the map was specified by presenting a city name above a circle.
Subjects had to imagine themselves facing that city. Four and a half seconds
later, a mental-rotation command was presented. To annunciate the command
stimulus for mental rotation, the circle began to blink 1 s before its presentation.
The command stimulus filled the circle. As illustrated in Fig. 4, it specified a
rotation of the imaginary line of sight over 0°, 45°, 90°, 135°, or 180° in either
direction.

MINIGIGIOIVICAC I

Fig. 4 The stimuli for mental rotations of, in order, -180°, -135°,
-90°, -45°, -0°, 0°, 45°, 90°, 135°, and 180°.

Subjects indicated the new city they were facing by selecting a button on the
left-hand response panel. The trial was aborted with an error message if the
selection was incorrect. If correct, the trial continued with the immediate
presentation of a city name preceded by the text "point to". The subjects had to
indicate the direction of the city relative to their own imaginary line of sight.
The buttons of the 3 x 3 response panel under the right hand were used for
pointing. The central button represented the subjects’ position (and was never
used); the peripheral buttons indicated the various directions relative to the
subjects; for example, the button directly above the central button indicated the
forward direction (= the current line of sight); the button left from the central
button indicated the left-hand direction; &c. The next trial started 0.25 s after
the pointing response or, if an error was made, 1.0 s later because an error
message was displayed.

-
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Fig. 5 illustrates that the pointing direction is the product of the location of the
city specified and the subject’s current orientation.

Fig. S Pointing as a check on mental orientation. The eight cities of
the spatial task can be imagined in the North-up orientation (left
panelg or in tilted orientations such as North-West up (right panel).
Rotation of the map over the angle commanded by the stimulus is
required for "pointing to" a city (Alkmaar in this exampie). This map
is 111(sed for illustration only; subjects did not see the map during the
task.

Trials were concatenated; the final line of sight of trial { was used as the initial
line of sight of trial i + 1. Revisions of the imaginary orientation were thus
required at presentation of the stimulus commanding mental rotation—not
between consecutive trials.

6.4 Verbal-numerical test

The verbal-numerical test was the alphabet arithmetic task of Logan (1988) also
contained in the ABC Battery of the British Armed Forces (Collins, Irvine, &
Dann, 1990). The verbal-numerical test had the same format as the spatial
orientation test as far as possible. The initial "line of sight” was a letter, specify-
ing the initial location in the alphabet. Four and a half seconds later, and after a
blinking warning signal, the "mental rotation" command was presented, a signed
addend, specifying the number of steps in the alphabet to count forward or
backward. The addend was 0, +1, +2, +3, and +4. Examples are A+2 (answer
"C") and P-3 (answer "M"). The letter at the beginning of the next trial was the
same as }Wous trial.
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Subjects had to find the new location in the alphabet. Then, they pressed the
central button of the 3 X 3 response panel. This immediately triggered the
presentation of a 3 X 3 matrix. The matrix was displayed for 0.6 s. It contained a
star surrounded by eight capital letters, one of which was the outcome of the
alphabet counting. Subjects had to point to that letter by selecting the appropri-
ate button of the 3 X 3 response panel. Incorrect selections triggered an error
message. The next trial started 0.25 s after the letter identification response or
1.0 s later if a response error had been made.

6.5 Procedure

Trials were presented in blocks of 100. A performance summary appeared at the
end, consisting of the average processing time and the number of trials correctly.
This served to keep the subjects informed about their performance and to
enhance their motivation. Subjects were instructed to respond as fast as possible
while avoiding errors. In the blocks of the spatial orientation test, all 80 combi-
nations of mental rotations (+0°, +45°, +90°, +135°, and +180°) and body
rotations (+45°, +90°, +135°, and +180°) were presented at least once and 20
randomly selected combinations were used a second time. The body rotation
started at presentation of the mental-rotation stimulus. The pointing stimulus
was a random choice out of the eight locations. In the blocks of the verbal-
numerical test, all 80 combinations of addend (+0, +1, +2, +3, and #+4) and
body rotations (+45°, +90°, +135°, and +180°) were presented at least once
and 20 randomly selected corabinations were used a second time. The body
rotation started at presentation of the addend command. The position of the
target letter in the 3 X 3 matrix was randomly selected.

Control blocks were the same as experimental blocks, except that the chair’s
motor was inactive.

Subjects came for two sessions on two separate days. The first day was for
practice. The tests were introduced with blocks of 20, 50, and 100 trials per test,
administered on a desk-top computer without facilities for body rotations. The
experimental session took place 14 days later (between 6 and 21 days). The
apparatus shown in Fig. 4 was used. A refresher block of 30 trials on each test
under stationary conditions started the experimental day. Then, body rotations
were demonstrated in a block of 10 trials. Subjects were instructed to ignore the
body rotation. Data collection started subsequently.

For each test (spatial or verbal-numerical; S or V) one control block of 100 trials
and two experimental blocks of 100 trials each were run. Breaks of at least 35
minutes were inserted between consecutive blocks. There were four combina-
tions, defined by cognitive ability (S or V) and presence or absence of body
rotation (P or A). All subjects did all four combinations SP, SA, VP, and VA.
The presentation order of combinations was counterbalanced between subjects.
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Half of the subjects did the spatial test before the verbal-numerical test in either
SP-SA-VA-VP or SA-SP-VP-VA order. The other half of the subjects did the
verbal-numerical test before the spatial test in either VP-VA-SA-SP or
VA-VP-SP-SA order.

7 RESULTS
7.1 Drop-out subjects

One subject could not cope with the spatial orientation test. In the practice
blocks, the error percentage was 78% and processing times were twice as long as
those of other subjects. Halfway the second session, accuracy improved but still
was unacceptable (68% errors) and processing times were increasing. The
experimenter then terminated the session. The data of this subject were dis-
carded. Another subject did not complete the experimental session because of
motion-sickness complaints. Data of the remaining 36 subjects were used for
analysis.

7.2 Motion-sickness complaints

Six out of 38 subjects reported one isolated and mild symptom possibly related
to motion sickness. The complaint was dizziness for three subjects, headache for
another, a strange feeling in the stomach for another, and nausea for still
another. All symptoms were confined to one trial block only. The data of these
subjects were retained. A seventh subject had multiple complaints: dizziness,
headache, and nausea. This subject quit the experiment halfway. No symptoms
were reported by the remaining 31 subjects (82%).

7.3 Data categorization and culling

Data were categorized factorial per subject (36), per cognitive test (2), per
body-rotation condition (2), and per mental-rotation condition (spatial orienta-
tion test, 9) or value of the addend (verbal-numerical test, 9). Trials with
extremes in either mental rotation time or pointing time (spatial test) or in
either counting time or pointing time (verbal-numerical test) were discarded.
The criterion was a processing time 1.5 times the standard deviation above the
mean of either rotation/counting time or pointing time, with standard deviation
and mean determined for each cell individually. This culling removed 21% of the
data.

-
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7.4 Analyses

Two analyses were run. In the first, cognitive performance was studied as a
function of presence or absence of body rotations. In the second, cognitive
performance in the body-rotation blocks was analyzed as a function of the
amount of body rotation. Time to make the mental rotation (spatial test) or
counting time (verbal-numerical test) was the dependent variable in both
analyses. The conflict between the direction of mental rotation and body rotation
was studied in a separate analysis on the spatial test. Paraliel analyses using the
same design were run on error proportions and pointing times.

The first analysis failed to reveal an effect of the presence as opposed to the
absence of body rotation on the time for mental rotation or for alphabet
counting [2.39 vs 2.34 s, respectively; F(1,35) = 1.17]. This finding held irrespec-
tive of the ability tested [F(1,35) < 1]. Similar results were observed for pointing
times and errors. Pointing times and stationary and body-rotation conditions
were 1.56 and 1.60 s [F(1,35) = 1.38] and there was no interaction with the
ability tested [F(1,35) < 1]. Error percentages under stationary and body-rotation
conditions were 2.7 and 3.1% [F(1,35) = 1.04] and again there was no interac-
tion with the ability tested [F(1,35) < 1]. Note, however, that there was a
consistent trend in all dependent variables toward worse performance in the
conditions with body rotations.

spatial orientation test verbal-numerical test
1 I \ 1 I8 1) 1 1

2.8 1rF -

solution time (s)

2.0 4F 4

1.6 L { 1 L 1 1 i 1
45° 90° 135°180° 45° 90° 135°180Q°
passive body rotation

Fig. 6 Time to solve test items as a function of the amount of body
rotation undergone passively on a rotating chair. Dotted lines indicate
the control condition.
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The more detailed analyses on the data of the body-rotation condition revealed
that processing times for neither the spatial not the verbal-numerical task were
increased if the body was rotated over an increasing distance {F(3,105) = 2.05; p
= (0.11]. However, there was an interaction with the ability tested [F(3,105) =
3.12; p < 0.05]. Fig. 6 shows that this was due to the effect of body rotations at
135 and 180°. The time for a mental rotation increased at 180°, whereas the
time for alphabet counting increased at 135° only. A separate analysis on the
data of the spatial orientation task revealed a significant effect of amount of
body rotation [F(3,105) = 7.01; p < 0.01]. Amount of body rotation had no
effect on proportion errors or on pointing times [F(3,105) = 156 and 1.73,
respectively]. No interaction was observed between amount of body rotation and
type of ability in errors or pointing times [F < 0 and F(3,105) = 1.41, respect-
ively].

Direction of body rotation (conflicting with the mental rotation or not) had an
effect of marginal significance on mental rotation time [2.46 and 2.52 s, respect-
ively; F(1,35) = 3.16; p < 0.10]. The effect should be considered as real because
it replicates the finding of a previous experiment. Moreover, similar effects are
reported elsewhere (Corballis & McLaren, 1982, see introduction). Direction of
body rotation had no effect on errors (2.9 and 3.2%, respectively; F < 1) or on
pointing times of the spatial orientation tests (2.15 and 2.14 s. respectively;
F <)

8  DISCUSSION

The experiment revealed two small effects of passive body rotations on cognitive
spatial ability. First, the time to solve the items of the spatial orientation test
increased due to body rotations but only if the subjects were rotated over 180°.
Second, conflict between the direction of the body rotation and the mental
rotation also increased the time to solve the test items. These two findings
support the conclusion of the previous studies—Body rotations reduce the
capacity for information processing.

The small effect size of the two findings points out a theoretical problem. A well-
known weakness of resource theory is that there is no guideline to decide when
interference is enough to signal resource competition (see e.g., Kantowitz, 1987).
Given enough statistical power interference is almost unavoidable. Based on the
data of the current experiment in isolation, one could defend the position that
passive body rotations and mental rotations do not use common resources—for
all practical purposes, the interference is negligible.

The results indicate task specificity. Rotating the body over 180° had a negative
effect on the spatial test whereas no effect was observed in the verbal-numerical
test. This suggests a competition for specific spatial resources. Task specificity is
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also evidenced by the effects of directional conflict between body and mental
rotation because directional conflict is logically confined to spatial tasks. A
reasonable explanation for the second finding—directional conflict—is crosstalk or
outcome conflict (Navon, 1984, 1985; Wickens, 1989; Fracker & Wickens, 1989).
Body rotation and spatial cognition have similar outcomes and there is some
tendency to confuse the two.

In the next paragraphs, three issues will be addressed. The first is the smaller
effect size of the present experiment compared with the effect size of the
previous experiment. The second issue is the nature of the attention caught by
body rotations. The third issue is the comparison between active and passive
body rotations.

The first issue is the different effect size in the experiments on passive body
rotations. The experiment described in the introduction revealed much stronger
effects than the current experiment (compare Figs 2 and 6). Differences in the
experimental method could have been the cause. Most prominent among the
differences are the way the body rotated and the training schedule.

Concerning the way the body rotated, the rotations of the last experiment took
less time and evoked accelerations twice as strong as those of the previous
experiment. An explanation in terms of accelerations is, however, not very likely
because it would predict grearter effect size in the present experiment instead of
the observed smaller effect size. At the same time, the observation of smaller
effect size in the present experiment rules out an explanation in terms of

vestibular-ocular reflexes!.

An explanation in terms of the time the body was in motion seems more likely
at first sight. All body rotations of the current experiment took 2.2 seconds,
whereas those of the previous experiment took 1.5 to 5.0 s, depending on the
amount of body rotation. The previous experiment thus had a confounding
between amount and duration of rotation. There could have been a critical
duration of, or a threshold for attention capture for, passive body rotation.
Above-threshold body rotation would capture the subjects’ attention, whereas
below-threshold body rotation would be ignored. However, this explanation
predicts an interaction with the duration of the cognitive process. The longer the
cognitive process, the greater the probability of attention capture. The effects of
body rotation should thus interact with any variable that affects the duration of
the cognitive process, for example, the amount of mental rotation required. No
interactions of this type were observed. This refutes an explanation in terms of
the time needed for passive body rotations.

L As pointed out in the introduction, a second reason to doubt an explanation in terms of
accelerations (through vestibular-ocular reflexes) is that the maximum acceleration decreased with
increasing angle of body rotation. This predicts decreasing effects with increasing amount of body
rotation. Fig. 2 shows that the opposite was obscrved.

e
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Another difference between the two experiments is the training schedule. The
training session of the last experiment was without body rotations. Body rotations
were added in the data-collection session only. In the previous experiment, by
contrast, training and data-collection trials were administered under body-rota-
tion conditions. In other words, the subjects of the previous experiment were
practised under full-task conditions (ability test plus body rotations), whereas the
current subjects were practised under partial-task conditions (ability test without
body rotations). Van Rooij and Roessingh (19..), in their continuation of the
learning strategies program (see Volume 71 of Acta Psychologica, e.g. Lintern,
1989) obtained evidence that test performance is more resistant to distraction if
trained without distracter. That is, training subjects under full-task conditions will
not render the same level of subsequent test performance as training subjects
under part-task conditions (without distracter). This suggests that stable cognitive
performance strategies develop faster under part-task conditions. These stable
strategies protect cognitive processing against subsequent distraction. Passive
body rotations are thus more distracting for subjects not yet having developed
stable cognitive strategies. This predicts that passive body rotations are
distracters only if subjects have had little practice. This can be tested in another
experiment.

This raises the second issue for the present discussion: the nature of the atten-
tion caught by the body rotations. If capacities or resources can really be divided
among tasks (e.g. Wickens, 1984) reductions in the speed of information process-
ing and, hence, interactions between duration of the cognitive process and body
rotation are predicted; for example, interactions between amount of mental
rotation required and presence versus absence of body rotation. Such interac-
tions are notably absent. For active body rotations, the data rather suggest a
suspension of cognitive processing, a temporary standstill, rather than more or
less continuous reductions of capacity. The interference is thus more bottleneck-
like than pure resource theory assumes (see also Navon’s discussion, 1984. 1985,
or Tsang & Shaner, 1992). The resources are temporarily devoted to the body
rotation task; then they are switched back to the mental rotation task. One could
speculate that subjects follow this as a strategy in order to avoid outcome
conflicts.

The last issue for discussion is the difference between active and passive body
rotations. The expectation of stronger effects for body rotations made actively is
duly confirmed. Active rotations constitute a task for the subject whereas passive
rotations don’t. An elegant explanation is that both types of body rotation bring
cognitive processing to a temporary standstill, but that the duration of the
suspension is much shorter if the rotations are undergone passively.

A final comment on the similarity with the visual field studies of Sanders 1s due.
Sanders reports a pattern of cognitive suspension in experiments in which large
eye movements were required for the cognitive task (Sanders & Houtmans, 1984,
1985; see also Boer & Van de Weijgart, 1991). There could be a common
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explanation. In both the visual field studies and the body rotation experiments,
the subjects shift their gaze toward a new location in space and are, hence,
preparing for the intake of new information. It may be that the critical element
causing suspension is the preparation for the intake of new information. In other
words, not body rotations per se, but preparing for information intake is the
reason why body rotations bring cognitive processing to a standstill. The reason
why less problems are caused by passive body rotations is that the subjects don’t
prepare for seeing new information (Fig. 3; the display is rotated with the body).
The idea can be tested in an experiment with several computer displays located
around a rotating chair. The body rotation still is passive, but new information is
actively searched for.

»




22

REFERENCLs

Anderson, R.B. & Stern, R.M. (1989). The absence of vection-induced nausea
and tachygastria while performing spatial and verbal tasks in a circular vection
drum. New Orleans, SPR.

Boer, L.C. (1989). Cognition versus sensation: A paradigm for reorientation {in
Dutch], IZF 1989-20. Soesterberg, NL: TNO Institute for Perception.

Boer, L.C. (1990). Mental rotation in a perspective task. Acta Psychologica 76,
1-9.

Boer, L.C. & Van de Weijgert, E.CM. (1988). Eye movements and stages of
processing. Acta Psychologica 67, 3-18.

Cooper, L.A. & Shepard, R.N. (1973a). Chronometric studies of the rotation of
mental images. In W.G. Chase (Ed.), Visual information processing. New
York: Academic Press.

Cooper, L.A. & Shepard, R.N. (1973b). The time required to prepare for a
rotated stimulus. Memory & Cognition 1, 246-250.

Collins, J.M., Irvine, S.H. & Dann, PL. (1990). The ABC tests: An introduction.
London: Her Majesty’s Stationery Office.

Corballis, M.C. & McLaren, R. (1988). Interaction between perceived an
imaginary rotation. Journal of Experimental Psychology: Human Perception
and Performance 15, 80-96.

Fracker, M.L. & Wickens, C.D. (1989). Resources, confusions, and compatibility
in dual-axis tracking. Journal of Experimental Psychology: Human Perception
and Performance 8, 215-224.

Finke, R.A. & Shepard, R.N. (1986). Visual functions of mental imagery. In
KR. Boff, L. Kaufman, and J.P. Thomas (Eds), Handbook of perception and
human performance, Volume 2, Cognitive processes and performance. New
York/London: Wiley.

Guedry, FE., Benson, AJ. & Moore, H.J. (1982). Influence of a visual display
and frequency of whole-body angular oscillation on incidence of motion
sickness. Aviation Space & Environmental Medicine 53, 564-569.

Kantowitz, B.H. (1987). Mental workload. In P.A. Hancock (Ed.), Human factors
psychology (pp. 81-121). Amsterdam: North-Holland.

Lintern, G. (1989). The learning strategies program. Acta Psychologica 71,
301-309.

Logan, G.D. (1988). Toward an instance theory of automatization. Psychological
Review 95, 492-527.

Navon, D. (1984). Resources—A theoretical soup-stone? Psychological Review 91,
216-234.

Navon, D. (1985). Attention division or attention sharing? In M.I. Posner and
0O.S.M. Marin (Eds), Attention and performance IX (pp. 133-146).

Sanders, A.F. (1983). Towards a model of stress and human performance. Acta
Psychologica 53, 61-97.

Sanders, A.F. & Houtmans, M.J.M. (1984). The functional visual field revisited.
In AJ. van Doorn, W.A. van de Grind and J.J. Koenderink (Eds), Limits in
perception (pp. 359-379). Utrecht: VNU Science Press.

o




23

Sanders, A.F. & Houtmans, M.J.M. (1985). There is no central stimulus encoding
during saccadic eye shifts: A case against general parallel processing notions.
Acta Psychologica 60, 323-338.

Tsang, PS. & Shaner, TL. (1992). Does secondary task measure outcome
conflict or resource allocation? Proceedings of the Human Factors Society
36th Annual Meeting, 1398-1402.

Van Rooij, J.C.G.M. & Roessingh, JJM. (19.). Provisional title: Training of
complex tasks: an instructional model and experimental results. Report IZF in
preparation, Soesterberg, NL: TNO Institute for Perception.

Wickens, C.D. (1984). Processing resources in attention. In R. Parasuraman &
D.R. Davies (Eds), Varieties of attention (pp. 63-102). New York: Academic
Press.

Wickens, C.D. (1989). Attention and skilled performance. In D. Holding (Ed.),
Human skills (pp. 71-105). New York/London: Wiley.

Soesterberg, 3 March 1993
3

Dr. L.C. Boer




REPORT DOCUMENTATION PAGE

1. DEFENCE REPQRY NUMBER (MOD-NL) 2. RECIPIENT'S ACCESSION NUMBER 3. PERFORMING ORGANIZATION REPORY
NUMBER
D 93-0371 12F 1993 B-4
4. PROJECT/TASK/WORK UNIT NO. 5. CONTRACT NUMBER 6. REPORT DATE
787.1 892-15 3 March 1993
7. NUMBER OF PAGES 8. NUMBER OF REFERENCES 9. TYPE OF REPORT AND DATES
COVERED
23 23 Final

10. TITLE AND SUBTLITLE

Cognitive ability and whole-body rotation

-
-
.

AUTHOR(S)

L.C. Boer

12

PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

TNG Institute for Perception
Kampweg 5
3769 DE SOESTERBERG

13. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

TNO Defence Research
Schoemakerstraat 97
2628 VK Delft

14. SUPPLEMENTARY NOTES

15. ABSTRACT (MAXIMUM 200 WORDS, 1044 BYTE)

A series of studies examining how whole-body rotation affects cognitive processing is summarized, and a new
experiment is described. The main question was whether rotations of the body capture attention and reduce
cognitive processing capacity. An additional question was whether the attention caught is resource specific,
that is, whether particular cognitive capacities are more affected than others. Previous experiments
revealed that cognitive processing comes to a complete standstill while body rotations are made actively on
a swivel chair. The duration of the suspension depended on the nature of the cognitive task, suggesting
resource specificity. ln the present experiment a rotating chair was used on which subjects were rotated
while performing on spatial and nonspatial tasks. Performance losses were small and limited to the spatial
task. The conclusion based on the whole series of experiments is that body rotations capture general as well
as specific processing capacity, but that the amount of capacity caught is small, or the duration of
capacity capture is short. Large attention capture is expected only if subjects execute the rotations
actively. The striking similarity with the effects of eye movements on cognitive processing suggests that
the active search for new information in the visual environment is the real reason why whole-body rotation
can be so disturbing.

16. DESCRIPTORS IOENTIFIERS

Human Performance Outcome Conflict
Resource Theory
Whole-body Rotation

17a. SECURITY CLASSIFICATION 17b. SECURITY CLASSIFICATION 17c. SECURITY CLASSIFICATION
(OF REPORT) (OF PAGE) (OF ABSTRACT)
18. DISTRIBUTION/AVAILABILITY STATEMENT 17d. SECURITY CLASSIFICATION
(OF TITLES)
Unlimited availability




VERZENDLIJST
1. Hoofddirecteur van TNO-Defensieonderzoek
2. Directie Wetenschappelijk Onderzoek en Ontwikkeling Defensie
Hoofd Wetenschappelijk Onderzoek KL
>4 Piv. Hoofd Wetenschappelijk Onderzoek KL
4, S. Hoofd Wetenschappelijk Onderzoek KLu
Hoofd Wetenschappelijk Onderzoek KM
o4 Plv. Hoofd Wetenschappelijk Onderzoek KM

7,8, 9. Hoofd van het Wetensch. en Techn. Doc.- en Inform.
Centrum voor de Krijgsmacht

Extra cxemplaren van dit rapport kunnen worden aangevraagd
door tussenkomst van de HWOs of de DWOO.




